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PATTERNED SUBSTRATES AND METHODS FOR NERVE 

REGENERATION 


[0001] This patent application claims the benefit of U.S. provisional patent 
application serial number 60/198,370, filed April 19, 2000, entitled PATTERNED 
CONDUITS AND METHODS FOR NERVE REGENERATION. U.S. provisional 
patent application serial number 60/198,370 is hereby incorporated by reference. 

[0002] The United States Government has certain rights in this invention pursuant 
to Grant Numbers W-7405-Eng-82 and BES 9973287 from the Department of Energy 
and the National Science Foundation, respectively. 

FIELD OF THE INVENTION 

[0003] The field of this invention is medical devices and methods for nerve 
regeneration. 

REFERENCES 

[0004] Several publications are referenced herein. Full citations for these 
publications are provided below. The disclosures of these publications are incorporated 
herein by reference in their entirety, unless otherwise noted. 
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BACKGROUND OF THE INVENTION 

[0005] More than 250,000 surgeries are attempted every year to" repair damaged 
nerves. Nerve injuries complicate successful rehabilitation more than any other form of 
trauma. Painful neuroma formation, often more disabling than its associated sensory 
deficits, commonly causes major disability. Improvements in the techniques of nerve 
repair could provide better return of protective sensibility and tactile discrimination, 
reduce denervation atrophy of muscles, and prevent or minimize pain syndromes. 

[0006] The nervous system is composed of neurons and glial, or satellite cells. Glial 
cells include Schwann cells. The neurons carry signals between the brain and the rest of 
the body, while the Schwann cells provide support for the neurons and enhance the 
speed of electrical signals. Schwann cells also produce proteins essential for neuron 
growth (Bunge, 1994; Tortora, 1992). Each neuron has a cell body, an axon, and 
dendrites. The tip of an axon is the growth cone and is responsible for navigation. 
Neurons can make multiple contacts with one or more neurons. The organization of 
the contacts determines the overall function of the nervous system. The axons are 
surrounded by an insulating layer or myelin sheath formed by the Schwann cells 
(Tortora, 1992). Injury to the axon that causes the Schwann cells to lose contact with 
the axons stimulates production of neurotrophic factors such as nerve growth factors. 
Nerve growth factor (NGF) has been shown to grcady enhance the growth of neurons 
^in culture. With contact, regenerating axons stimulate Schwann cells to proliferate and 
form a basal lamina of collagen, proteoglycans, and laminin. 
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[0007] When a nerve is severed, a gap is formed between the proximal and distal 
portions of the injured nerve. In order for the nerve axon to regenerate and reestablish 
nerve function, it must navigate and bridge the gap. Under the appropriate conditions, 
e.g., minimal gap length, the proximal end forms neuritc growth cones that navigate the 
gap and enter endoneural tubes on the distal portion. The growth cones sense the 
extracellular environment and determine the rate and direction of nerve growth. The 
motion of the axon is responsive to environmental signals provided by other cells that 
guide the growth cone (Tessicr-Lavigne, 1994). 

[0008] Once the growth cones reach the distal segment, they enter the endoneurial 
tubes left from the degenerated axons. However, the growth cones and the dendrites 
on the proximal stump typically grow in many directions and unless the injury is small, 
the growth cones may never reach the distal segment. The natural ability of the nerve 
to regenerate is greatly reduced by the disruption of environmental cues resulting from, 
for example, soft tissue damage, formation of scar tissue, and disruption of the blood 
supply (Mackinnon and Dellon, 1988; Fawcett and Keynes, 1990, Buettner et al, 
1994). 

[0009] Several techniques have previously been attempted to aid and accelerate the 
repair of damaged nerves: suturing the severed ends, suturing an allograft or autograft, 
or regenerating the nerve through a biological or synthetic conduit (Williams et al., 
1983; Valentini et al., 1987; Aebischcr et al., 1988; Fencley et al., 1991; Calder and 
Green, 1995). 
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[0010] Autografts and allografts require a segment of a donor nerve acquired from 
the patient (autograft) or a donor (allograft). The donor nerve segment is removed 
from another part of the body or a donor and then sutured between the unattached 
ends at the injury site. Nerve autograft procedures are difficult, expensive, and offer 
Umited success. Often, a second surgical procedure is required and may lead to 
permanent denervation at the nerve donor site. Allografts typically require the use of 
immunosuppressive drugs to avoid rejection of donor segments. 

[0011] Artificial nerve grafts have been used in attempts to avoid the problems 
associated wdth autografts and allografts. Artificial grafts do not require nerve tissue 
fi*om another part of the body or a donor. However, use of artificial nerve grafts has 
met with only limited success. Axonal regeneration in the peripheral nervous system has 
only been achieved for graft lengths up to approximately 3 cm in nonhuman primates. 
There has been litdc or no success with longer grafts. The previously used artificial 
nerve grafts were unsuitable for bridging longer gaps between distal and proximal nerve 
stumps and, therefore, are unsuitable for treating a significant proportion of nerve 
injuries. 

[0012] Neurite growth has been aided to a limited extent by fabricating grooves on 
substrate surfaces (Weiss, 1945; Turner, 1983; Clark et ai., 1987; Dow et al., 1987). 
The grooves employed in these studies were engraved on plastic or quartz substrates. 
The substrates utilized are unsuitable for implantation in vivo and thus the authors were 
unable to determine if the grooves could guide neurite growth in an animal. Alignment 
of neurons using physical guidance cues alone is highly uncertain and difficult to 
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reproduce. For example^ the neurites arc typically aligned on only part of the substrate 
and unaligned on other parts and exhibit undesireable axon branching. 

[0013] Tai et al., 1998 refer to the effects of micropatterned laminin glass surfaces on 
neurite outgrowth and growth cone morphology. In Tai et al., micropatterns consisting 
of laminin stripes alternating with glass stripes were formed on glass coverslips. 
Neuronal cultures were prepared from chicken dorsal root gangUa and seeded on either 
micropatterned laminin coverslips or on a uniform laminin coated glass surface. While 
neuronal growth on the micropatterned laminin surface was biased in the direction of 
the pattern, severe axon branching formed dense axon outgrowth. Thus, while the 
laminin provided some level of chemical guidance, applicability of the technique was 
limited. In addition, the glass substrates are unsuitable for implantation into patients. 

[0014] Biodegradable conduits filled with magnetically aligned collagen rods have 
also been used in an attempt to provide directional guidance to regenerating neurons. 
However, this approach docs not provide any chemical guidance to regenerating 
neurons and has had only limited success. The presence of the collagen rods reduces 
the space available for neuronal outgrowth, constricts growth, does not reduce axonal 
branching, and limits the natural transport of oxygen, nutrients, and waste products. 
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SUMMARY OF THE INVENTION 


[0015] Preferred embodiments of the present invention provide methods and 
apparatus for regenerating nerves utilizing substrates having a surface containing 
grooves, as described herein, and chemical, cellular and/or electrical cues (collectively 
and individually referred to as "guidance factors") provided in the grooves to obtain the 
desired nerve growth rates and to regain nerve functionality. Especially preferred nerve 
growth guidance factors include Schwann cells, stem cells and laminin. The 
combination of the substrates and guidance factors and methods according to the 
invendon results in accelerated neurite elongation rates, excellent neurite alignment 
along the substrate grooves, and restored nerve functionality. 

[0016] In a preferred embodiment of the invention, methods and associated 
apparatus for regenerating severed nerves are provided comprising a substrate having a 
surface containing one or more substantially linear grooves, wherein said one or more 
grooves contain one or more guidance factors for nerve regeneration. The substrate is 
preferably positioned at an end of a severed nerve such that the grooves are substantially 
coextensive to the severed nerve end and the nerve is allowed to grow into one or more 
grooves of the substrate. The grooves preferably contain one or more guidance factors 
for nerve regeneration. 

[0017] In another preferred embodiment of the invention, the substrate is in the 
form of a cylinder and the grooves are disposed on the surface of the inner wall of the 
cylinder. In a further preferred embodiment, the guidance conduit is porous. The 
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conduit is preferably implanted into an animal and sutured to the ends of a severed 
nerve to achieve directional nerve growth and regeneration. 

[0018] In particularly preferred embodiments of the invention the substrate is 
formed from poly(D>L-lactide) or copolymers of lactic and glycolic acids. In a further 
preferred embodiment, the substrate also comprises nerve growth inhibitors or 
"negative guidance factors'' (e.g., poly( vinyl alcohol)) to direct and limit neuronal 
growth to the grooves on the surface of the substrate. According to this preferred 
embodiment of the invention, one or more negative guidance factors are disposed 
between the grooves on surface of the substrate. The negative guidance factors inhibit 
neuron growth outside of the grooves and prevent axon branching of the neuronal 
outgrowth. 

[0019] In yet another preferred embodiment, at least one electrode is positioned 
within said one or more grooves. The combination of preferred guidance factors (e.g., 
Schwann cells, laminin, and stem cells) and electrical signals generated by the electrode 
provide further stimulation to orient nerve growth along the axis of the grooves. 

[0020] . The above and other characteristics and advantages of the invention can be 
better understood from an analysis of the following written description and the 
accompanying drawings, where like reference numbers represent like elements, or may 
be learned by practice of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 depicts a biodegradable micropattemed substrate and support conduit 
in accordance with a preferred embodiment of the invention. 

[0022] FIG. 2 depicts a top and side view of an exemplary micropattemed die used 
to form micropattemed substrates according to the invention. 

[0023] FIG. 3 is an illustration of one relationship between a micropattemed die and 
a biodegradable micropattemed substrate in accordance with the invention. 

[0024] FIGS. 4-6 are charts illustrating the results of experiments showing qualitative 
improvement of nerve regeneration following implantation of guidance conduits 
containing micropattemed substrates in accordance with the invention. 

[0025] FIGS. 7-11 are charts illustrating the results of experiments on the effects of 
laminin and micropattemed biodegradable polymers on neurite alignment and 
elongation. 

[0026] FIGS. 12 and 13 are charts illustrating the effects of Schwann cells, laminin, 
and micropattemed biodegradable polymers on neurite alignment and elongation. 
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DETAILED DESCRIPTION OF THE PBEFERRED EMBODIMENTS 

[0027] Reference will now be made in detail to the presendy preferred embodiments 
of the invention, which, together with the following examples, serve to explain the 
principles of the invention. 

[0028] In accordance with a preferred embodiment of the present invention,, 
micropattemed substrates are formed to provide physical and/or chemical guidance to 
the growth cone of a severed nerve. The preferred substrates have a surface containing a 
plurality of substantially linear grooves. The term "substantially linear groove" refers to 
a groove that approximates a line and preferably does not branch or intersect with itself 
The grooves are preferably substantially parallel to each other and contain one or more 
guidance factors for nerve regeneration. The term "substantially parallel" refers to 
grooves that extend approximately in the same direction, preferably along the 
longitudinal axis of the guidance conduits according to the invention and in the same 
direction as the severed nerve. The substrate is preferably positioned in proximity to a: 
severed end of the nerve such that the grooves are substantially coextensive to the nerve. 
The term "substantially coextensive" refers to a juxtapositioning, preferably by suturing 
or other attachment or fixation, so that the groove is aligned with the severed nerve and 
the groove boundaries are able to contain and guide the growing, regenerating nerve. 
The growth of the severed nerve is thus facilitated and guided by the substrate grooves. 

[0029] Preferably, the micropattemed substrates form or are attached to the inner 
surface of a guidance conduit. The guidance conduit is preferably filled with media and 
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implanted in animal. The term "media" refers to nutrients, growth factors, fluids and 
other chemical and/or biological materials desirable for supporting neuronal and 
ceUular growth. The media provides a favorable biological environment for promotion 
of nerve growth within the guidance conduit. A preferred media is dubellco's modified 
eagle medium (DMEM), although any suitable media may be used. 

[0030] The term "micropatterned substrate" or "micropatterned film" refers to a 
substrate or film having a pattern of one or more grooves formed in the surface. In a 
preferred embodiment, the grooves are arranged such that when the micropatterned 
substrate or film is disposed within a guidance conduit, the grooves are substantially 
parallel to the longitudinal orientation of the conduit. The term "groove" refers to a 
trench or channel, having measurable depth, formed in the surface of the 
micropatterned substrate or film. 

[0031] Referring to FIG. 1, a preferred micropatterned substrate 20 is shown. A 
plurality of grooves 22 arc formed in the surface of the micropattemed substrate 20. 
Grooves 22 are preferably seeded with chemical or other guidance factors, as described 
in detail below. The resulting micropatterned substrate 20 is preferably placed in a 
guidance conduit 24 forming nerve regeneration guidance conduit 25 and preferably 
filled with media to support the growth of neuronal cells. In a preferred embodiment, 
guidance conduit 24 is porous to allow for supply of nutrients to, and removal of wastes 
firom, the neurons growing in the regeneration guidance conduit 25. The conduit 25 
can be surgically implanted in an animal and is preferably sutured at its proximal and 
distal ends to the respective proximal and distal ends of a severed nerve. 
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[0032] To fabricate an exemplary porous conduit 24, which will support the 
micropatterned substrate 20 of the invention, poly-D,L-lactide (PDLA) is preferably 
dissolved in chloroform (about 30% w/v). Sodium chloride crystals are preferably 
ground, sieved with 120 gauge mesh, and then suspended in the PDLA solution at a 
concentration of about 75% vol. NaCl/NaCl and PDLA. A pasteur pipette (OD«l 
mm) can be dipped into 6% w/v solution of poly( vinyl alcohol) (PVA) in water and 
allowed to dry. The PVA acts as a release agent. The pipettes are clipped in the 
polymer/salt suspension, slowly removed, and allowed to dry. This step can be 
repeated imtil the outer diameter is about 3mm. The dry conduits can be placed under 
vacuum to remove any residual chloroform. The pipettes are placed in water to release 
the conduit from the support. Water can be replaced every 2 hours until the NaCl is 
fully dissolved resulting in a conduit 24 with, preferably, about 75% porosity. The 
resulting exemplary conduits 24 are dried, cut into 1.2 mm sections, and stored in a 
desiccator at -20° C until used. 

[0033] The preferred micropatterned substrate 20 of the present invention contains 
microscale patterns or grooves 22 formed by any suitable technique, e.g., reactive ion 
etching (RIE), or atomic force microscopy. The grooves 22 formed in the substrates 20 
of the invention provide physical guidance to the regenerating neuronal cells to 
promote directional growth along the length of the groove 22. In a preferred 
embodiment of the invention, the grooves 22 are also provided with guidance factors 
(e.g., Schwarm cells, stem cells, laminin, and neurotropic growth factors). The 
combination of physical and chemical guidance minimizes or eliminates non-directional 
neuronal growth, i.e., axon branching and neuronal outgrowth in random directions in 
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vivo. The physical and chemical guidance provided by die devices and mediods of die 
invention permits accelerated nerve elongation rates with excellent alignment along the 
grooves 22 and minimal axonal branching. 

[0034] A micropatterned die 28 is typically used as a mold for forming the preferred 
micropattemed films 20 in accordance with the invention. Dies 28 can be fabricated 
using, for example, reactive ion etching (RIE) to form grooves 31. Referring to FIG. 2, 
in a preferred embodiment, a quartz substrate 26 is coated with a mask 30 and 
subjected to RIE to form micropatterned die 28. The mask 30 is removed to form 
micropatterned die 28 having grooves 31 with the desired width, spacing, and depth. 
Any suitable pattern may be used in accordance with teachings of the invention. In a 
preferred embodiment, the grooves 31 on the dies have, for example, a width of 10 fxm, 
depth of 4.3 |im, and spacing of 10 (xm. 

[0035] Mask 30 is preferably produced with the desired micron or submicron scale 
patterns using standard lithographic techniques. In a particularly preferred 
embodiment, a mask 30 is made firom chrome and deposited onto a four-inch diameter 
quartz slide in a vacuum chamber purged with argon at a pressure of less than 1 micro- 
Torr. The quartz is etched using RIE through the mask 30, leaving behind long 
rectangular areas capped by chrome. The areas may be of any suitable shape or 
configuration. After the chrome is removed from the quartz substrate, the quartz 
substrate can then be used as a die to transfer the micropatterns to a biodegradable 
polymer by, e.g., heated compression molding between two plates at, for example, 
about 50" C for about 10 minutes. The preferred resolution of patterns using this 
technique are at least about 1.5 |j,m. Various micropatterned substrates with various 
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pattern sizes and spacings can be used. The micropatterning of the substrates will 
ultimately depend on the patterning of the dies. As shown in FIG. 3, a micropattcmcd 
die 28 is used to form a micropattcmed substrate 20 by any suitable molding technique 
(e.g., compression molding) resulting in a substrate 20 having the desired groove width 
29, groove spacing 23, and groove depth 27. 

[0036] Preferred materials for the micropattemed substrate 20 include, but are not 
limited to, poly(D,L-lactide), copolymers of lactic and glycolic acids (PLGA), glycolide 
trimethylene carbonate, polyester, polyglycolic acid, polyglycolic-acid mesh coated with 
collagen, coUagen, polylactic acid, poly(organo)phosphazine, polyorthoester, 
copolymers of collagen and glycosaminoglycan, copolymers of L-lactide and g- 
caprolactone (inner layer), mixtures of polyurethanc and polylactic acid (outer layer) and 
polyimides and polystyrene. Any of the above materials are suitable for use in 
accordance with the invention. Other suitable film materials can be employed. 

[0037] Pattern or groove widths 29, as illustrated in FIG. 3, are preferably from 
about 1 ^im to about 50 jxm wide. The spacing between patterns or grooves is 
preferably from about 10 to about 100 \xm. It is preferred that grooves of 10 |im 
widths and 10 nm spacings, or 10 ^m widths and 20 |im spacings, are used. Groove 
shapes may be of any configuration including, for example, square, circular, triangular, 
rectangular or irregular. A configuration of substantially parallel grooves is preferred. 
Optimum groove shape, size and spacing for specific applications can readily be 
determined by one of ordinary skill in the art given the teachings herein. 
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[0038] In another preferred embodiment, the micropatterned substrate is formed by 
direct laser etching of PDLA (poly(D,L-lactide)) or PLGA (copolymers of lactic and 
glycolic acids) coated with poly(vinyl alcohol) (PVA) to selectively etch the PVA film 
exposing die PDLA underneath. PVA provides a relatively hostile environment for cell 
adhesion, forcing the neurons and Schwaim cells to adhere to the PDLA or PLGA 
grooves. In other words, PVA is an exemplary negative guidance factor useful for 
promoting neuronal growth along the more hospitable PDLA or PLGA grooves. 

[0039] In a preferred embodiment, compression molded films of PDLA (typically 
having an inherent viscosity of about 0.69 dL/g in chloroform at 30°C) and copolymers 
of lactic and glycolic acid (PLGA) with various copolymer ratios such as 85:15, 75:25, 
or 50:50 are used. The copolymer ratio can be varied in order to control the polymer 
degradation rate. 

[0040] In a particularly preferred embodiment, a layer of an adhesive protein such as 
laminin can be used to coat the surface of the PLGA grooves of a micropatemed 
substrate promote more rapid nerve regeneration. Direct laser etching allows the: 
proteins to be selectively attached to the PLGA or PDLA grooves because laminin does 
not adsorb well on PVA. Preferably, laminin is deposited on or over a micropatterned 
substrate. The liquid laminin is next removed, except for fluid left: in the grooves on the 
substrate. Upon drying, the laminin is concentrated in the grooves of the 
micropatterned substrate. 

[0041] Chemical guidance factors are seeded directiy on the micropatterned grooves 
provided in the substrates of the guidance conduits. Guidance factors preferably include 
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neurotrophic factors such as Schwann cells, stem cells. Nerve Growth Factor ("NGF"), 
laminin, collagen, polylysine, and chicken plasma. In a preferred embodiment, Schwann 
cells are seeded direcdy into the grooves formed in the micropatterned substrates. The 
Schwann cells attach to the grooves. Neurons attach to the regions containing the 
Schwann cells and align and grow along the grooves. 

[0042] Schwann cell cultures are preferably isolated from sciatic nerve tissue. In a 
particularly preferred embodiment, the sciatic nerve is removed from 16-20 day old 
female Sprague-Dawley rats and placed in chilled Gey's Balanced Salt Solution 
supplemented with 6.5 mg/ml glucose. The epineurium, connective tissue, and blood 
vessels is preferably stripped from the tissue using fine forceps, and the nerve can be cut 
into 1 mm pieces. Chicken plasma (30 mg/ml) with thrombin (2 units/ml) is 
preferably used to adhere the pieces to tissue culture dishes. Medium containing 
Dvilbecco's Modified Eagles Medium (DMEM) with 10% v/v fetal bovine serum (FBS) 
and 0.02 mg/ml gentamycin can be changed every two days to feed the cell cultures. 
The nerve may be transferred onto new dishes weekly imtil the Schwann cells dissociate 
from the nerve pieces. The nerve pieces are preferably dissociated and the Schwarm cells 
can be expanded in culture using the previously described medium supplemented with 
0.5 \xM isobutylmethylxanthine (IBMX), 5 mM forskolin, and heregulin. Cultures can 
be determined to be greater than 95% pure by immunocytochemistry staining of S-100 
protein. Cell counts are preferably made by trypan blue exclusion with a 
hemacytometer. The Schwarm cells can be injected into a rolled micropatterned 
substrate conduit 24-hours prior to actual surgical use to allow for sufE^cient adhesion. 
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[0043] Directional growth and regeneration of severed nerves is achieved by die 
preferred combination of physical (e.g., grooves) and chemical (e.g., Schv^ann cells) 
guidance in accordance with the present invention. The combined effects can be shovm 
using dorsal root ganglia (DRG) as dissociated cell cultures or associated (organotypic) 
cell cultures. Dissociated cell cultures model individual cell behavior, while organotypic 
cultures model the behavior of whole cell populations during nerve regeneration. 

[0044] Variance of the chemical and physical properties of the micropatterned 
substrates is within the scope of the present invention. In a preferred embodiment, 
multiple chemical guidance factors are seeded directiy in the grooves and groove depth 
and width are varied for particular applications to achieve optimal results. The use of 
multiple chemical guidance factors in the grooves can improve cell growth and 
adhesion. For example, in one experiment the presence of laminin in the grooves 
improved initial cell adhesion and growth seven-fold. Initial cell counts from six 
micropattemed film substrates revealed that 1917 ±113 neuron cells adhered to each of 
the substrates in the presence of laminin while 264 ± 20 cells adhered to each of the 
substrates without laminin. Laminin incorporation can result in an almost doubling of 
axonal extension rates. 

[0045] In another embodiment, controlled release of nerve growth factor is used to 
further stimulate directional growth of the nerve growth cone. In addition to laminin, 
plasma can be used to provide chemical stimulus to the neurons. Chicken plasma 
stimulated neuron growth. Schwann cells are preferably applied to the grooves at a 
concentration from about 50,000 cells/cm^ to about 400,000 ccUs/cm^. Laminin is 
preferably applied to the grooves at a concentration from about 100 |ag/ml of PBS to 
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about 200 |ig/ml. NGF is optionally provided to the grooves at a concentration of 
preferably about 1 ng/ml of DMEM (Dulbecco's Modified Eagle Medium) high 
glucose. 

[0046] The alignment of regenerating neurons along the axis of the groove is 
promoted by the physical dimensions of the groove. In accordance with preferred 
embodiments of the invention, the width, spacing and depth of the grooves can be 
varied to optimize neuronal growth while limiting axon branching and neuronal 
outgrowth. Furthermore, grooves serve as an area to deposit guidance factors such as 
Schwann cells and laminin. The physical guidance provided by the grooves and the 
chemical or other stimulus provided by the guidance factors further improves the 
directional growth and alignment of the regenerating neurons along the axis of the 
groove. 

[0047] Groove widths for use with Schwann cells are preferably firom about 1 to 
about 20 microns (|im), more preferably from about 5 to 10 jam. Groove depths are 
preferably within the range of firom about 1 ^im to about 4 |im. Groove depths of 
about 2 ^im or greater are preferred to promote neuronal alignment along the axis of 
grooves. Groove depths are more preferably firom about 3 to about 4 [im. 100% 
alignment of the Schwann cells along the grooves can be achieved with groove depths 
varying, for example, firom about 1.4 \xm to about 3.1 nm. 

[0048] In a preferred embodiment, the grooves are filled with laminin and Schwann 
ceUs, the substrate 20 is roiled up (see FIG. 1) and inserted into a porous hollow 
guidance conduit 24 (see FIG. 1), In surgical use, the guidance conduit may be 
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Sterilized with, for example, ethylene oxide gas prior to implantation in an animal. The 
guidance conduit, preferably contains media, and the micropatterned substrate 
containing Schwann cells and other guidance factors seeded in the grooves. The 
conduit can be implanted in an animal preferably by suturing the regeneration conduit 
to the proximal and distal nerve stumps on each end of severed nerve. The regeneration 
conduit remains in the animal for a time sufficient to achieve nerve regeneration and 
restore functionality to the nerve. The substrate and guidance conduit are preferably 
biodegradable and resorb within the animal. 

[0049] An exemplary nerve regeneration process works as follows. A nerve is severed 
(nerve injury). The severed ends of the nerve are sutured to regeneration conduit 
formed in accordance with the invention. Fluid accumulates in the cavity within the 
regeneration conduit between the ends of the injured nerve. As the nerve begins to heal 
under the influence of the regeneration conduit, a fibrin bridge forms between the 
proximal and distal ends of the injured nerve. Cells then begin to migrate between the 
ends of the injured nerve. Finally, the nerve ends reunite and normal neuronal activity 
may proceed (recovery). Preferably, severed nerves are regenerated over a distance of at 
least 2-3 cm with at least 70%, more preferably 90%, and most preferably 95% alignment 
of the neurons along the axis of the groove. The term "alignment'* refers to growth of 
the regenerating neuron along the axis or line of the groove. 

[0050] In another preferred embodiment, the micropatterned substrates and 
guidance conduits of the invention arc provided in a prefabricated kit form. The kit 
preferably contains at least one pre-formed substrate. In another preferred 
embodiment, the kit contains at least one guidance conduit. In yet another preferred 
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embodiment, the kit contains a plurality of guidance factors. The substrates and 
guidance conduits can be made according to any desired specification. The user or a 
third-party supplier may also provide the guidance factors. Addidonally, the 
micropatterned substrates and guidance conduits can be provided already in final form 
with the substrate is inserted into the guidance conduit to form the nerve regeneration 
conduit. 

[0051] In a fiirther preferred embodiment, microelectronic circuits (e.g., 
microelcctrodes) can be fabricated on the micropatterned substrates to fiirther enhance 
nerve regeneration. Electricity can be provided to the regenerating neurons in pulses to 
fiirther stimulate and orient nerve growth in a particular direction. Neural networks 
built out of thin-film-transistors (TFT) may optionally be used for guiding nerves. To 
stimulate local nerve growth, electrical signals can be applied using local, miniature TFT 
circuits built on flexible silicon or other substrates. The transistors act as local switches 
to apply electrical pulses to the nerves. FET transistors can be fiibricated in the 
regeneration conduits such that the FET gate areas are exposed to the neurons as they 
grow. Micropattemed substrates with embedded electrode arrays can be fabricated to 
stimulate individual neurites in restricted, well-specified locations. The use of physical 
and chemical guidance cues, as discussed above, can direct the neurites onto the 
electrodes. Thereby, guidance factors (e.g., chemical, physical, cellular, and electrical) 
operate cooperatively to promote directional neurite growth. 

[0052] The use of a combination of chemical, physical, biological, and electrical 
guidance factors is preferred to regenerate the nerves of the central nervous system 
(CNS) in vertebrates. The micropatterned substrates are preferably embedded with 
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microelectrodes as discussed above aiid seeded with neuronal stem cells (NSC) and 
Schwann ccUs to achieve functional CNS nerve regeneration. 

[0053] In a particularly preferred embodiment, micropatterned substrates embedded 
udth microelectrodes are seeded with NSC and Schwann cells to regenerate a severed or 
damaged optic nerve. A guidance conduit with a micropatterned substrate containing 
electrodes isimplanted in the extracranial part of the optic nerve. Preferably, Schwann 
cells are pre-seeded in the micropatterned substrates to promote regeneration of NSC in 
the grooves of the micropatterned substrate. The resulting regenerated neurons form 
functional synapses with the neurons in the lateral geniculate nuclei, restoring optic 
nerve function. The preferred combination of guidance factors, grooves and electrical 
impulses guide and accelerate the growth of the NSC axons to regenerate optic nerves 
to transmit signals to the brain. 

[0054] It is to be understood that the application of the teachings of the present 
invention to a specific problem or environment will be within the capabilities of one 
having ordinary skill in the art in light of the teachings contained herein. Examples of 
the products and methods of the present invention appear in the following examples. 

EXAMPLE 1 
FELM FABRICATION 

[0055] The biodegradable polymers used to construct the micro and nanopattcmed 
substrates of this Example were poly(DL-lactide) and 85/15 poly(DL-lactide-£:o- 
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glycolide), PDLA and PLGA, respectively. PDIA has a specific gravity of 1.25 g/ml 
and a glass transition temperature (Tg) of 55-60® C. PLGA's specific gravity is 1.27 
g/ml and its Tg is 50-55® C. Both polymers are amorphous, soluble in chloroform and 
acetone, and have inherent viscosities ranging firom 0.55 to 0.75. 

[0056] Compression molded films of PDLA w^ere obtained by compressing solid 
PDLA powder in a Carver press at 500 psi pressure at 60** C for 15 minutes. A solution 
of PVA in water (20% w/v) was cast over these films for the direct etching studies. 
PDLA/PLGA films degrade in about 4-6 months depending on the copolymer ratio 
while PVA films dissolve in about 2 weeks at 37*^ C. 

[0057] Solvent cast films were obtained by dissolving three grams of polymer in 10 
ml of chloroform making a 30% (w/v) solution. While the PDLA was dissolving, 
poly( vinyl alcohol) was spun onto the silicon wafer at 4000 rpm for 1 minute (6% PVA 
is prepared by cooking 6g PVA/lOOml HjO for 6 hours at 100° C). Afl:er the PVA 
dried for 4 hours, PDLA was spun on the wafer at 1800 rpm for 1 minute. The PDLA 
was allowed to dry for a minimum of 2 hours but 12 hours is preferable. The PDLA 
film was removed by soaking wafer in water. The thin film of PVA acts as a release 
agent and the film peels firom the wafer with litde effort. The films were stored in a 
desiccator with a drying agent at -20** C to minimize polymer degradation. 
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EXAMPLE 2 
QUARTZ MICRODIE FABRICATION 

[0058] Geometric patterns were formed on quartz glass using a lithographic 
photomask as a template. The surface of a 2 x 2 x 1/16 inch piece of sheet quartz was 
cleaned in an etching solution. Concentrated sulfuric acid was added to 30% hydrogen 
peroxide making a 1:1 solution. During the exothermic reaction, the quartz plates were 
submerged into the solution and etched for 3 minutes. The plates were removed and 
thoroughly rinsed in DI water. 

[0059] After the quartz plates were dried, they were placed in the electron beam 
evaporator for chrome deposition tmder an ultra-high vacuum. A focused electron 
beam was used to bombard a cup of metallic chrome with electrons causing the chrome 
to sublimate and deposit on the surface of the quartz. After 100 nm of chrome was 
deposited, the plates were removed from the chamber. 

[0060] The quartz plates were spin-coated with 1512 photoresist and prebaked at 
95^ C for 30 minutes. After the plates were cooled, they were exposed to ultra-violet 
radiation through the photomask. The exposed plates were placed in a commercial 
photoresist etchant (351 developer) for 1 minute to etch the exposed photoresist. The 
plates were rinsed in DI water, spun dry and postbaked at 120^ C for 45 minutes to 
harden the resist. 
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[0061] After the photolithography was complete, the quartz plates covered with 
patterned photoresist were immersed in CR4 commercial chrome ctchant. The chrome 
that was exposed during photolithography was removed to expose the quartz surface 
while the photoresist kept the non-exposed chrome from being etched. The photoresist 
was removed by flowing acetone over the quartz plates and then rinsing the plates with 
methyl alcohol. The plates were rinsed with DI water and spun dry. The quartz plates 
were placed in the Reactive Ion Etcher (Plasm Therm 720, dual-chamber, Leybold 360 
turbo-pump). The chamber was evacuated and oxygen was admitted at a flow rate of 
98 seem with the oxygen pressure maintained at 80 mTorr. A radio frequency (RF) 
plasma was created over the plates bombarding the surface with 300 V oxygen ions that 
clean away any organic residue. The chamber was then pumped out and filled with 
atmospheric oxygen and CHF^ (Freon 23) with flow rates of 5 seem and 45 seem, 
respectively. The chamber pressure was maintained at 40 mTorr. An RF plasma was 
formed over the plates creating an ion bombardment voltage of 435 V resulting in an 
etch rate of 24 nm per minute for the quartz surface. After the quartz was etched, the 
plates were submerged in CR4 chrome etch to remove the chrome mask. The mesas 
patterned into the quartz imprinted the grooves onto the polymer films. The silicon 
wafers used as dies for the solvent cast fihns were fabricated with the lithographic 
methods stated above. 
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EXAMPLES 

PATTERNING MICROGROOVES IN BIODEGRADABLE POLYMER 

FILMS 

[0062] Biodegradable polymer films were patterned with microgrooves by 
compressing smooth polymer films with a patterned quartz microdie. Smooth films 
were fabricated, and then imprinted with the microgrooves using the quartz microdie of 
Example 2. 

[0063] First, a monolayer of closely packed polymer pellets was arranged on a clean 1 
X 3 inch glass slide. Approximately 10 polymer pellets (cylindrical pellets of 1 mm 
diameter and 2 mm length) make a 10 mm diameter, 0.5 mm thick film. Another glass 
slide was placed on top of the pellets and the unit was placed in a press (12-ton 
hydraulic press. Carver Laboratory Press, IN). The press was closed until the platens 
were just touching both glass slides and then the platens were heated to 60"^ C. Since 
the polymer is amorphous, it softens when it is in contact with the glass but the whole 
pellet does not melt. Pressure was applied gradually over 15 minutes so the sofiiened 
polymer filled the space between the pellets forming a smooth defect- firce substrate. 
After 15 minutes, the pressure was increased to 500 psi for 5 minutes. The unit was 
removed from the press and the smooth films were transferred to a clean petri dish. 

[0064] Next, a smooth film was placed on the patterned quartz die. A glass slide is 
placed on top of the smooth film. When the press temperature was ambient 
temperature, the die unit was placed in the press. The press was closed until the platens 
just made contact with the glass. When the press temperature reached 50*^0, pressure 
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no greater than 50 psi was applied to the unit. Temperature shock and higher pressure 
can break the quartz die. The unit was heated at 50''C for 5 minutes at minimal 
pressure to imprint the microsized pattem on the polymer. The cooled unit was placed 
into the freezer for about one minute to facilitate removal of the patterned polymer 
substrate. The pattemed substrates were stored in a desiccator over a half pound of 
anhydrous CaS04 drying agent DRIERITE® to prevent degradation due to hydrolysis. 
Since biodegradable polymers are extremely sensitive to and degrade with exposure to 
heat and humidity, exposure is limited by using the lowest softening temperature, 
minimizing the duration of the exposure, and storing the polymer in a desiccator. 

[0065] The nanosized grooves were etched on solvent cast films. One gram of 
polymer was dissolved in 10 ml of chloroform. Using a microsyringe, one drop of 
polymer solution was cast on a 5 mm^ piece of steam sterilized, glass slidecover. The 
films were allowed to dry for 48 hours. Laminin was coated on the PDLA surface and 
allowed to dry. Next, a film of poly( vinyl alcohol) was spun on top of the laminin to 
provide a surface that does not encourage cell adhesion. Finally, atomic force 
microscopy (AFM) was used to etch through the top film to expose the laminin, which 
promotes cell adhesion. The films were stored in a desiccator with a drying agent. The 
nanosized grooves were etched in the substrate surface with the AFM in contact mode. 
The AFM tip was microfabricated firom silicon nitride and oxide sharpened. The solvent 
cast film on the glass substrate was mounted and placed on the AFM stage. The tip was 
fastened onto the E scanner and adjusted so the laser beam was centered on the tip, 
maximizing the signal to the detector. The tip was lowered near the film surface and 
engaged. The surface of the film was scarmed and a smooth region was chosen to make 
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the nanogrooves. To etch the grooves, the scan size was set to 1.5 |am, the set point is 
3 V, the scan rate was increased to 12.2 Hz and the slow scan axis is disabled. The 
length of the groove was controlled by the scan size, the depth by the scan rate, and the 
width is 20-30 nm. The grooved films were stored in a desiccator to prevent 
degradation of the polymer by hydrolysis. 

EXAMPLE 4 
SEEDING SCHWANN CELLS ON SUBSTRATES 

[0066] Purified Schwann cells were rinsed with 5 ml of HBSS (3 times for 5 minutes 
each). The Schwann cells were removed firom the flask by placing 10 ml of 0.25% 
trypsin in HBSS in the flask for about one minute. The solution was removed and the 
cells were incubated for 10 minutes. After the cells detached from the flask, 9 ml of 
mediimi was added to the reconstitute the cells. The cells in 9 ml of media were 
removed and placed in a centrifuge tube. The cells were centrifiiged for 8 minutes at 
1000 rpm and the medium was removed. The desired amoimt of mediiun was added to 
the Schwann cells and the medium was mixed with a 1 ml pipette to ensure cell 
separation. The Schwann cells were fluorescent labeled with SYT023 with 3.7nl 
dye/ml DMEM and incubated at 37° C for 30 minutes. The Schwann cells were 
seeded in concentrations of 50,000 to 400,000 cells per square centimeter on the 
patterned substrates coated with laminin (100-200^g/ml PBS). 
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EXAMPLE 5 

GROOVE WIDTH AND SPACING PATTERNS FOR CELL 

ALIGNMENT 


[0067] An observational study of various groove width and groove spacing was 
performed according the following configurations: 

Groove width (fim) x Groove spacing (|am) 

4 4 ' 

4 20 

4 100 

10 10 

10 20 

20 4 

20 20 

20 100 


[0068] Substrates patterns of 10 ^im (width) x 10 \tm (spacing between grooves) and 
10 urn (width) x 20 ^im (spacing between grooves) were found to provide the optimal 
Schwann cell and neurite alignment. 


EXAMPLE 6 
SUBSTRATE ADHESION 


[0069] Improvements in cell adhesion were observed by coating the substrate with 
laminin. Laminin [100-200ng/ml PBS] provided excellent cell adhesion properties. 
Schwann cells adhered to the PDLA coated with laminin seven times better compared 
to non-coated PDLA. Adsorbing the laminin to the PDLA surface for 10 minutes and 
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then removing the puddle with a pipette held perpendicular to the surface caused 
residual solution pooling in the grooves. This increased the laminin concentration in 
the grooves, which enhanced alignment with the grooves. 

EXAMPLE? 
GROOVE DEPTH 

[0070] Various groove depths were used with the substrate patterns. Compression 
molded substrates with depths of 1.5, 1.8, 1.9, 2.1, 2.3, 3.1, and 3.3 |j.m and solvent 
cast films with depths of 2, 3, and 4 |im were evaluated for cell alignment using the 10 
|im (width) X 10 ^im and 10 x 20 jim width/spacing pattern. 

[0071] Regeneration of dissociated dorsal root ganglia (DRG) was tested using 
laminin coated substrates having grooves seeded with Schwarm cells. The Schwann cells 
maintained -100% alignment with the axis of the grooves at all groove depths compared 
with -72% alignment on smooth substrates to the chosen major axis. The dissociated 
DRG were tested on 2, 3 and 4 |im PDLA films (laminin coated). The results of tests 
on various groove dimensions were as follows: 

10 X 10 X 3 Jim 77% ±3 DRG aligned with the groove axis 

10 x 20 X 3 |am 70% ±3 DRG aligned with the groove axis 

10xl0x4|im 92% ±3 DRG aligned with the groove axis 

10 X 20 X 4 |im 83% ±2 DRG aligned with the groove axis 
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EXAMPLES 
SUBSTRATE/FILM DEGRADATION 

[0072] Compression molded substrates and solvent cast films were analyzed at 1, 2 
and 4 weeks for rate of degradation in DMEM (dulbecco's modified eagle media). The 
compression molded substrates have complete degradation of the mesas after 1 week in 
media. By 2 weeks in DMEM, the substrate surface was less smooth and beginning to 
crack. At 3 weeks, the surface was buckling and pitting. 

[0073] After 1 week in media, the solvent cast films were showing no signs of 
degradation. At 2 weeks, the mesa edges were slighdy rounded but there was no 
change in the average depth of the grooves. After 4 weeks, the textured surface on the 
top of the mesas was beginning to degrade and flow into the grooves. The edge of the 
mesas was continuing to round. At 4 weeks, the average groove depth had decreased by 
5%. Substrates/fiJms with laminin adsorbed were monitored to see if the laminin 
increased the rate of degradation. There was no measurable change due to the laminin 
but the surface was slighdy clouded. 

EXAMPLE 9 

NEURITE ALIGNMENT WITH SUBSTRATE GROOVES 

[0074] Increasing laminin concentration improved neurite alignment at a 95% 
confidence level for 0-200 |ag laminin and 200-1000 \ig laminin, except from 200-1000 
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|ig laminin on the 10 |im groove width by 10 \im groove spacing. These results are 
illustrated in the chart of FIG. 7. The diflference v/as due to groove spacing wiiere the 
*flow eflfect' of the cells with the grooves was stronger on the narrowly spaced 10 \xm 
pattern than on the wider 20 \im spacing where laminin concentration from 200-1000 
|ig improved alignment. On smooth substrates, alignment along a preferred axis 
decreased because of greater neuritc outgrowth in random directions. 

[0075] Excellent neurite alignment occurred on films with groove depths of 4 |am, as 
illustrated in the chart of FIG. 8, showing that deeper grooves support neurite 
alignment. Groove spacing of 10 i^m proved excellent for neurite alignment at a 95% 
confidence level due to the 'flow effects.' 

[0076] Polymer type affected neuritc alignment at a 95% confidence level, as 
illustrated by the chart of FIG. 9. PLGA improved neurite alignment over PDLA but 
the mechanism for the difference was not dear. As illustrated by the chart of FIG. 10, 
polymer type also affected neurite elongation on PLGA coated with 200 |xg laminin at a 
80% confidence level. This increase in elongation probably occurred because PLGA was 
a less hostile environment compared with PDLA. A laminin concentration of 1000 
Hg/ml did not improve elongation because PLGA already promoted good growth cone 
locomotion. 
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EXAMPLE 10 

CONDUIT IMPLANTATION AND MEASUREMENT OF NERVE 

REGENERATION 

[0077] The conduit, prefilled widi media and die micropattemed biodegradable 
substrate containing Schwann ceils seeded in the grooves were prepared and sutured to 
the proximal arid distal nerve stumps on each end of a rat severed nerve. After 
implantation, the muscle compartments were closed with sutures and the rats were 
monitored for hind limb denervation complications. The conduits were examined after 
4, 6, and 8 weeks to determine nerve regeneration rates. The animals were anesthetized 
as before and killed by intracardiac perftision with physiological salt solution followed by 
4% glutaraldehyde in 0.1 M cacodylate buficr. The conduits were dissected, the tissue 
fixed for 4 hrs. at room temperature, and the axon extension rates in vivo were 
ascertained. The results were studied by light microscopy after sections were stained 
with toluidine blue and ftichsin. The conduits were examined to check the extent of 
nerve cable formation after 8 weeks through the conduits. The results of the 
experiments are shown in FIGS. 10, 11 and 13. 

[0078] As shown in FIG. 10, the polymer type used to form the substrate influenced 
the neurite elongation rate. The elongation rate measured in |im/day using a PLGA 
substrate was approximately twice that of a PDLA substrate when 200 Mg/ml of laminin 
was used in the substrate. Increasing the laminin concentration from 200 Kig/ml to 
1000 \ig/ml improved the elongation rate for PDLA substrates from approximately 42 
to 62 ^m/day. 
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[0079] FIG. 11 shows the effects of increasing laminin concentration in PDLA and 
PLGA substrates vising grooves 10 |im wide X 10 spaced X 4 ^im deep (10.10.4 
groove pattern) and 10 \im wide X 20 \im spaced X 4 ^im deep (10.20.4 groove 
pattern). Increasing the laminin concentration from 0 to 200 |ig/ml significandy 
improved the elongation rate in PDLA substrates with 10.10.4 groove patterns (see 
Table 1 below). However, an increase from 200 ^ig/ml to 1000 |ig/ml of laminin did 
not significandy improve elongation rates in the PDLA substrates with 10.10.4 groove 
patterns. Increasing the laminin concentration from 200 pig/ml to 1000 |j,g/ml in 
PDLA substrates with 10.20.4 groove patterns significandy improved the elongation 
rate as shown in Table 1 below. However, increasing the laminin concentration from 
200 |ig/ml to 1000 |ig/ml in PLGA substrates with 10.20.4 groove patterns did not 
significandy improve elongation rates. 
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Neurite Alignment' and Elongation^ on Solvent Cast Films 


Pattcm(nm) 

Polymer 

Laminin 

Alignment* 

Elongation ' 



(|ag/ml) 

(%) 

(Hm/day) 

10 X 10x3 

PDLA 

0 

88 ±1 

21 ±4 

10 X 10x3 

PDLA 

200 

77 ±1 


10 X 20 X 3 

PDLA 

200 

70 ±1 


10x10x4 

PDLA 

0 

86±1 

21 ±3 

10 X 10x4 

PDLA 

200 

92 ±1 

56 ±5 

lOx 10 x4 

PDLA 

1000 

93 +1 


10 X 20 X 4 

PDLA 

200 

84 ±1 

43 ±8 

10 X 20 X 4 

PDLA 

1000 

90 ±1 

64 ±7 

10x20x4 

PLGA 

200 

88 ±1 

85 ±16 

10x20x4 

PLGA 

1000 

94 ±1 

91 ±20 

Smooth'' 

PLGA 

200 

36+1 


Smooth'' 

PDLA 

0 

28 ±1 

42 ±12 

Smooth'' 

PDLA 

100 

23 ±1 

128 ±27 


""N = 18 and reported as standard error 
Aligned to chosen major axis 
Reported as standard error 
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[0080] As shown in FIG. 12, grooves of 3 nm showed 25% improved alignment with 
the groove axis in PDLA substrates with 10.10.3 groove patterns and 35% improved 
alignment in PDLA substrates with 10.20.3 groove patterns. This improvement in 
alignment is important because as the groove depth decreases due to degradation, the 
Schwann cells provided guidance cues that maintain neurite alignment. 

[0081] FIG. 13 shows the effects of seeding Schwann cells in grooves on nerve 
elongation in PDLA substrates with 200 lag/ml laminin having 10.10.4 and 10.20.4 
groove patterns. Schwann cells improved elongation rates by approximately 75% in 
substrates with 10.10.4 groove patterns and by approximately 150% in substrates with 
10.20.4 groove patterns. Seeding neurons on laminin coated Schwann cell seeded films 
improved neurite alignment at a 95% confidence level compared to the coated films 
without Schwann cells. Neurites seeded with Schwann cells aligned 95±2% on laminin 
(200|ig/mi) coated 10x10x4 ^im PDLA while neurons seeded alone aligned 93±2%. 

EXAMPLE 11 

QUALITATTVE EVALUATION OF NERVE REGENERATION 
FOLLOWING IMPLANTATION OF MICROPATTERNED 

CONDUITS 

[0082] The micropattcmcd films with laminin selectively adsorbed in the grooves are 
rolled and inserted into biodegradable porous PDLA conduits and injected with media 
containing Schwann cells. The conduits were prepared and given a number 
corresponding to the conduit type (seeded with Schwann cells and laminin and 
micropatterned with grooves = MS; unseeded and micropatterned = M; seeded with 
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Schwann cells and nonmicropatterned = NS; and unseeded and nonmicropatterned = 
N). The sciatic nerves of 20 Sprague-Dawley rats were transected at mid- thigh and the 
conduit inserted at the site of a 1-cm transection and sutured. 

[0083] The animals were observed daily to check for signs of recovery as well as 
indications of automutilation. Toes were curled together immediately after surgery. 
The onset of toe spreading was noted as an indication of recovery from the nerve injury. 
The animals were examined and the end of the study for their ability to walk by 
observing toe spread and limping. The results of these experiments are shown in FIGS. 
4-6. The micropatterned and seeded substrates (MS) showed the lowest level of toe 
spread (FIG. 4), highest level of walk quality (FIG. 5) and fastest sciatic nerve fimction 
recovery (FIG. 6). 

[0084] Recovery from surgery was evaluated through the use of walking track 
analysis to determine a sciatic fimction index, SFI, of the test subjects. The rats were 
walked though a track set on plain white printing paper. The rats were trained to walk 
through the track before each trial. The hind paws of the rats were coated with block 
printing paint in order to leave tracks on the paper. The tracks were measured for toe 
spread, and intermediate toes spread in order to calculate SFI. Each rat was evaluated 
prior to surgery and weekly post surgery for the entire recovery period. 

[0085] Over the length of the experiment, the rats were observed to look for signs of 
recovery from the nerve injury. After the initial surgical procedure, the toes curled up 
together. Also, the onset of toe spreading was noted as an indication of reinnervation of 
the muscle by the motor neurons. Walking track analysis was performed to 
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quantitatively measure the recovery from the nerve injury. FIG. 4 summarizes the onset 
of toes spreading. The rats implanted with micropatterned conduits seeded with 
Schwann cells had an earlier onset of toes spreading. This correlated well with the 
increase in sciatic jfunction index determined using walking track analysis as described 
below. Prior to removing the conduit, the rats were observed for their quality of walk 
giving consideration to toes spreading and limping. The results did not show any 
statistically significant differences among the various conduit types. 

[0086] FIG. 4 is a chart illustrating observations of toe spread. Toe spreading was 
qualitatively evaluated. The time of onset was significantiy lower for the animals 
receiving the micropatterned conduit seeded with Schwann cells (MS) compared with 
unseeded micropatterned (M), seeded nonmicropatterned (NS), and control (N). Error 
bars (in this and all presented graphs) represent 95% confidence intervals. 

[0087] FIG. 5 is a chart illustrating qualitative walking ability of the rats before 
removal of the conduit. The quality of walk index is defined as follows: 1: no change 
over time of study, 2-4: slight toe spreading and severe limping, 5-7: moderate toe. 
spreading and limping, 8-10: toes are fiiUy spread, little sign of limping. Error bars 
represent 95 % confidence intervals. As shown in FIG. 5, the quality of walk index for 
microfabricated and seeded substrates was approximately 30% higher than 
nonmicrofabricated and seeded substrates. 

[0088] FIG. 6 is a chart of sciatic fiinction determined using walking tract analysis. 
Improvement is observed afi:er the fourth week for the animals with the Schwann cell 
seeded microfabricated conduit (MS-second darkest line) relative to the others (M- 
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darkest line, NS-second lightest line, N-lightest line). Error bars represent 95% 
confidence intervals. As shown in FIG. 6, the animals implanted with micropatterned 
and seeded substrates had an approximately 60% higher sciatic function index 
measurement than the other substrate used in the study. 

EXAMPLE 12 
ELECTRODE ARRAY FABRICATION 


[0089] Indium tin oxide (ITO) is used to fabricate the electrode arrays for use in the 
nerve regeneration conduits. Silica glass is coated with sputtered ITO and etched in 
HCl solution forming the electrode pattern. Aluminum oxide is deposited as the 
passivation film. A thin layer of poly( methyl methacrylate) is spin-cast on the substrate 
and patterned by reactive ion etching. The electrodes are fabricated on silica glass 
substrates and coated with a layer of biodegradable polymer such as PDLA. Laminin is 
adsorbed at the bottom of the grooves and Schwann cells seeded on the surfaces prior 
to neuronal seeding. The use of electrical signals will promote and increase the 
regeneration rates of the neurons. 

[0090] Monitoring of nerve regrowth in vivo is carried out using in-situ optical 
sensors embedded into the substrates. Miniature fiber optic charmels is used to send 
light signals dovra to the nerve regroM^ region, and a local, multi-diode photo- 
detector array built from a-Si was used to monitor the nerve regrowth in-situ. A 
computer will control the nerve stimulation cycle and monitored the generated optical 
signals. 
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[0091] For the in vitro work, a t±iin polyimide film substrate is formed by spinning 
the liquid precursor on a silicon wafer and then curing the polyimide at an elevated 
temperature. Ten centimeter diameter siKcon wafers are used as substrates to make use 
of standard microelectronic processing equipment. A thin film of metal is deposited on 
the substrates, either by evaporation or sputtering. The metal is patterned with standard 
lithographic techniques involving reactive ion etching (RIE) to form an array of 
electrodes that provided the reqxiired electric fields and the necessary contact pads. RIE 
is a dry developed process Mdth an etch rate of about 30 nm/minute and a resolution of 
about 1.5 p^m. The metal electrodes are typically of the order of a few pm in width and 
the lengths are varied to enable contact of a single electrode with each microgroove. If 
greater resolution is required, focused ion beam radiation can have a resolution of a few 
nm. A separate recording electrode is fabricated in addition to the stimulating 
electrodes. 

[0092] A biocompatible polymer film (e.g., polystyrene, polyimide, polyurethanes, or 
silicone) is deposited on top of the patterned metal, ensuring a dielectric layer. The 
film is patterned to an optimized grove configuration that provided the guidance for 
neuron growth, as described above. For this work, groove widths of 5 to 10 \xm with 
depths of 2 to 5 pm can be used. The pitch of the grooves can be 10 jim. Windows to 
contact pads on the lower polyimide/metal layer are opened. The grooves are aligned 
lithographically over the electrode patterns in order to provide the desired electric fields. 

[0093] If desired, the polyimide/metal/polymer structure can be lifiied off the silicon 
substrate although the silicon provides a very stable structure for support. This 
demonstrates the capability to place multiple layers on the polyimide while still 
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maintaining registration between layers. Initially, a series of substrates are made with 
several electrode configurations. This allows a rapid determination of which 
configuration is most desirable and also allows optimization of the electrode layout. It 
will be possible to test and measure growth rates under various conditions including 
field strengths, field orientation and whether constant fields, pulsed fields or alternating. 

[0094] Separate electrodes are connected to individual grooves in order to provide 
independent signals to each neuron. Because of the close proximity of adjacent 
neurons, the electrodes are carefiiUy laid out to avoid cross talk and activation of 
adjacent neurons. The multilayer configuration of the substrate wiU provide the 
flexibility to include shielding, if desired. In addition, the stimulating signal is of 
sufficiently low current density to a avoid irreversible reactions at the electrode - tissue 
interface. The design of the substrates allows for either capacitive or direct contact to 
the neurons as both have been demonstrated to impact growth. 
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[0095] The above description and accompanying drawings are only illustrative of 
exemplary embodiments, which can achieve the features and advantages of the present 
invention. It is not intended that the invention be limited to the embodiments shown 
and described in detail herein. The invention can be modified to incorporate any 
number of variations, alterations, substitutions or equivalent arrangements not 
heretofore described, but which are commensurate with the spirit and scope of the 
invention. The invention is only limited by the scope of the following claims. 
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[0096] What is claimed is: 

1. A method for regenerating a severed nerve, comprising: 

providing a substrate having a surface containing one or more substantially 
linear grooves; 

placing one or more guidance factors for nerve regeneration into said one or 
more grooves; 

positioning said substrate in proximity to a severed end of said nerve such that 
said one or more grooves is substantially coextensive to said severed end; and 

allowing said severed nerve to grow into said one or more grooves of said 
substrate. 

2. The method of claim 1 wherein said substrate is in the form of a cylinder. 

3. The method of claim 2 wherein said cylindrical form has an inner and 
outer surface and said one or more grooves are disposed on said inner surface. 

4. The method of claim 1 wherein one or more negative guidance factors are 
disposed on said surfece in between said one or more grooves. 
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5. The method of claim 4 wherein said one or more negative guidance 
factors comprises poly( vinyl alchohol). 

6. The method of claim 1, wherein said substrate comprises a material 
selected from the group consisting of poly(D,L-lactide), lactic acid, glycolic 
acids, glycolide trimethylene carbonate, polyester, polyglycolic acid, collagen, 
polylactic acid, poly(organo)phosphazine, polyorthoester, glycosaminoglycan, L- 
lactide, e-caprolactone, polyurethane, polyimides, and polystyrene. 

7. The method of claim 1, wherein said substrate comprises poly(D,L- 
lactide). 

8. The method of claim 1, wherein said substrate comprises copolymers of 
lactic and glycolic acids. 

9. The method of claim 1, wherein said substrate further comprises at least 
one electrode. 

10. The method of claim 9, wherein said at least one electrode is positioned 
within said one or more grooves. 
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11. The method of claim 1, wherein said one or more grooves are at least 
about 1 \im in width. 

12. The method of claim 11, wherein said one or more grooves are up to 
about 50 ^im in width. 

13. The method of claim 1^ wherein said one or more grooves are at least 
about 5 |im in width. 

14. The method of claim 13, wherein said one or more grooves are up to 
about 10 \xm in width 

15. The method of claim 1, wherein said one or more grooves are spaced at 
least about 10 {im apart. 

16. The method of claim 15, wherein said one or more grooves are spaced 
up to about 20 jim apart. 

17. The method of claim 15, wherein said one or more grooves are spaced 
up to about 100 ixm apart. 
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18. The method of claim 1, wherein said one or more grooves are at least 
about 1 |xm in depth. 

19. The method of claim 18, wherein said one or more grooves are up to 
about 4 |im in depth. 

20. The method of claim 1, wherein said one or more guidance factors 
comprises a material selected from the group consisting of Schwann cells, stem 
cells, nerve growth factor, laminin, collagen, polylysine, and chicken plasma. 

21. The method of claim 1, wherein said one or more guidance factors 
comprises Schwann cells. 

22. The method of claim 21, wherein said one or more guidance factors 
comprises stem cells. 

23. The method of claim 22 wherein said stem cells are neuronal stem cells. 

24. The method of claim 21, wherein said one or more guidance factors 
further comprises laminin. 

25. The method of claim 24, wherein said one or more guidance factors 
further comprises stem cells. 
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26. The method of claim 25, wherein said stem cells arc neuronal stem cells. 

27. The method of claim 24 wherein neurite alignment of said severed nerve 
along said one or more grooves is at least about 90 percent. 

28. The method of claim 1, wherein said one or more grooves contain 
Schwann cells at a concentration of at least about 50,000 cells/cm2. 

29. The method of claim 28, wherein said one or more grooves contain 
Schwann cells at a concentration of up to about 400,000 cells/cm2. 

30. The method of claim 1, wherein said one or more grooves contain 
laminin at a concentration of at least about 100 ng/ml. 

31. The method of claim 30, wherein said one or more grooves contain 
laminin at a concentration of up to about 200 yig /ml. 

32. The method of claim 1, wherein said severed nerve is part of the 
peripheral nervous system of a vertebrate. 

33. The method of claim 1, wherein said severed nerve is part of the central 
nervous system of a vertebrate. 

45 


wo 01/81552 


PCT/USOl/12647 


34. The method of claim 1, wherein said severed nerve is an optic nerve. 

35. A method for regenerating a severed nerve, comprising: 

providing a guidance conduit having an inner surface and an outer surface; 

providing a substrate containing one or more substantially linear grooves, 
wherein said one or more grooves contain one or more guidance factors for 
nerve regeneration and wherein said substrate is disposed on the inner surface of 
said conduit; 

positioning said guidance conduit in proximity to a severed end of said nerve; and 
allowing said severed nerve to grow into said grooves of said substrate. 

36. The method of claim 35 wherein said guidance conduit is porous. 

37. The method of claim 35, wherein said guidance conduit is sutured to at 
least one end of said severed nerve. 

38. A method for regenerating a severed nerve, comprising: 

providing a substrate having a surface containing a plurality of substantially 
linear grooves, wherein said one or more grooves are substantially parallel and 
contain one or more guidance factors for nerve regeneration; 
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providing a porous guidance conduit having an inner surface wherein said 
substrate is disposed on the inner surface of said conduit; 

attaching said guidance conduit between the severed ends of said nerve; and 

allowing said severed nerve to grow into said grooves of said substrate. 

39. The method of claim 38 wherein said substrate comprises a material 
selected from the group consisting of poly(D,L-lactide) or copolymers of lactic 
and glycolic acids. 

40. The method of claim 39 wherein said one or more guidance fectors 
comprises a material selected from the group consisting of Schwann cells and 
laminin. 

41. The method of claim 40 wherein said one or more grooves are at least 
about 5 iim wide, spaced at least about 10 \xm apart, and are at least about 1 jim 
deep. 

42. The method of claim 41 wherein said one or more grooves are no 
greater than about 10 ^im wide, spaced no greater than about 100 jim apart, and 
are no greater than about 4 |im deep. 

43. An apparatus for regenerating a severed nerve comprising: 
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a substrate having a surface containing one or more substantially linear 
grooves at least about 5 \xm wide^ spaced at least about 10 jim apart, and at least 
about 1 |im deep, wherein said one or more grooves contain one or more 
guidance factors for nerve regeneration, said guidance factors being selected from 
the group consisting of Schwann cells, stem cells, nerve growth factor, laminin, 
collagen, polylysine and chicken plasma. 

44. The apparatus of claim 43 wherein said substrate is in the form of a 
cylinder. 

45. The apparatus of claim 43 wherein said cylindrical form has an inner and 
an outer surface and said one or more grooves are disposed on said inner surface. 

46. The apparatus of claim 43 wherein one or more negative guidance 
factors are disposed in between said one or more grooves. 

47. The apparatus of claim 46 wherein said one or more negative guidance 
factors comprises poly( vinyl alchohol). 

48. The apparatus of claim 43, wherein said substrate comprises a material 
selected from the group consisting of poly(D,L-lactide), lactic acid, glycolic 
acids, glycolide trimethylene carbonate, polyester, polyglycolic acid, collagen. 
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polylactic acid, poly(organo)phosphazine, polyorthoester, glycosaminoglycan, L- 
lactide, e-caprolactone, polyurediane, polyimides, and polystyrene. 

49. The apparatus of claim 43, wherein said substrate comprises poly(D,L- 
lactide). 

50. The apparatus of claim 43, wherein said substrate comprises copolymers 
of lacdc and glycoiic acids. 

51. The apparatus of claim 43, wherein said substrate further comprises at 
least one electrode. 

52. The apparatus of claim 51, wherein said electrode is positioned in said 
one or more grooves. 

53. The apparatus of claim 43, wherein said one or more grooves are at least 
about 1 |im in width. 

54. The apparatus of claim 53, wherein said one or more grooves are up to 
about 50 p,m in width. 


55. The apparatus of claim 43, wherein said one or more grooves are at least 
about 5 \xm in widdi. 
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56. The apparatus of claim 55, wherein said one or more grooves are up to 
about 10 |im in width 

57. The apparatus of claim 43, wherein said one or more grooves are about 
10 \xm in width. 

58. The apparatus of claim 43, wherein said one or more grooves are spaced 
at least about 10 |im apart. 

59. The apparatus of claim 43, wherein said one or more grooves are spaced 
up to about 20 |im apart. 

60. The apparatus of claim 59, wherein said one or more grooves are spaced 
up to about 100 \xm apart. 

61 . The apparatus of claim 43, wherein said one or more grooves arc at least 
about 1 \xm in depth. 

62. The apparatus of claim 61, wherein said one or more grooves are up to 
about 4 Jim in depth. 
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63. The apparatus of claim 43, wherein said one or more guidance factors 
comprises Schwann cells. 

64. The apparatus of claim 63, wherein said one or more guidance factors 
comprises stem cells. 

65. The apparatus of claim 64, wherein said stem cells are neuronal stem 
cells. 

66. The apparatus of claim 43, wherein said one or more guidance factors 
comprises laminin. 

67. The apparatus of claim 66, wherein said one or more guidance factors 
further comprises stem cells. 

68. The apparatus of claim 67, wherein said stem cells are neuronal stem 
cells. 

69. The apparatus of claim 43, wherein said one or more grooves contain 
Schwann cells at a concentration of at least about 50,000 cells/cm2. 


70. The apparatus of claim 43, wherein said one or more grooves contain 
Schwann cells at a concentration of up to about 400,000 cells/cm2, 

51 


wo 01/81552 PCT/USOl/12647 
■* • 

71. The apparatus of claim 43, wherein said one or more grooves contain 
laminin at a concentration of at least about 100 jig/mL 

72. The apparatus of claim 43, wherein said one or more grooves contain 
laminin at a concentration of up to about 200 \ig /ml. 

73. An apparatus adapted for connection to at least one end of a severed 
nerve, comprising: 

a cylindrical guidance conduit having an irmer and an outer surface; 

a substrate having a surface containing one or more substantially linear 
grooves, wherein said grooves contain one or more guidance factors for nerve 
regeneration; and 

wherein said substrate is disposed on the inner surface of said guidance 
conduit. 

74. The apparatus of claim 73, wherein said guidance conduit is porous. 

75. The apparatus of claim 73, wherein said guidance conduit is sutured to 
at least one end of said severed nerve. 

76. An apparatus for regenerating a severed nerve, comprising: 
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a porous cylindrical guidance conduit having an inner and outer surface; 

a substrate having a surface containing one or more substantially linear 
grooves, wherein said one or more grooves contain one or more guidance factors 
for nerve regeneration, said guidance factors being selected from the group 
consisting of Schwann cells, stem cells, nerve growth factor, laxninin, collagen, 
polylysine and chicken plasma; and 

wherein said substrate is disposed on the inner surface of said guidance 
conduit. 

77. The apparatus of claim 76, wherein said substrate comprises a material 
selected from group consisting of poly(D,L-lactide) or copolymers of lactic and 
glycolic acids. 

78. The apparatus of claim 77, wherein said one or more guidance factors 
comprises a material selected from the group consisting of Schwann cells and 
laminin. 

79. The apparatus of claim 76 wherein said one or more grooves are at least 
about 5 |im wide, spaced at least about 10 fxm apart, and are at least about 1 jam 
deep. 
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80. The apparatus of claim 79 wherein said one or more grooves are no 
greater than about 10 |im wide, spaced no greater than about 100 jam apart, and 
are no greater than about 4 deep. 
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